Abstract: Fine-root turnover is an important component of forest carbon dynamics. We detail the characteristics of the minirhizotron method of measuring fine-root turnover and discuss its methodological implications. Minirhizotron data are relative values proportional to the data taken from the bulk, in situ soil, since they are taken at the soil-tube interface, so we propose several ways to validate minirhizotron data. Most short-term studies show fine-root production to be higher than fine-root mortality, suggesting that disturbance resulting from minirhizotron installation continues for several years. Initial-years results tend to lead to overestimates of fine-root dynamics, although these results define the maximal limits of fine-root production and mortality. We compare the definitions of fine-root turnover and methods of calculation used in different studies. We find that values of fine-root turnover depend on the definition of fine roots, methods of measurement, definition of turnover, and methods of calculation, so these factors must be taken into account when turnover values are discussed. In addition, soil depth is a key factor in the study of fine-root turnover, as is variation in the physical qualities, form and function, of the fine roots. Further long-term research into these key factors in relation to biotic and abiotic parameters will improve our knowledge of forest carbon dynamics.
Introduction
In studies of forest ecosystems, tree root systems are frequently categorized into fine roots and coarse roots. Fine roots are defined as those roots with the finest diameter (generally ≤1-2 mm). The maximal limit of the "fine" root class is arbitrarily defined depending on the site and target plants (see the reviews of Vogt et al., 1996 and Jackson, 2000) . Since they have a faster respiration rate (Pregitzer et al., 1998) , a faster turnover rate (Gholz et al., 1986) , and potentially more active water and nutrient acquisition than larger roots (Eissenstat, 1992) , fine roots have key roles in plant nutrition, water acquisition, and ecosystem carbon dynamics. Although the live fine-root standing biomass only accounts for between 1% and 12% of total forest tree biomass, between 10% and 60% of net primary production (NPP) of trees in forests is consumed in the production-death-decomposition cycle (PDD cycle) of fine roots, otherwise known as root turnover (Keyes and Grier, 1981; Vogt et al., 1982; Comeau and Kimmins, 1989; Janssens et al., 2002) . Therefore, the carbon turnover associated with the PDD cycle of fine roots is an important component of forest carbon cycling, and an accurate estimation of fine-root turnover is needed to better explain forest carbon dynamics.
Generally, the rate of fine-root turnover is defined as the proportion of fine-root production to standing fine-root abundance (on a weight-basis, length-basis, etc.). Fine-root turnover has been studied using Copyrights 2007, Plant Root (JSRR), www.plantroot.org 35 several direct methods such as the sequential soil core sampling method, in-growth core sampling method and minirhizotron method, and indirect methods such as the carbon budget method, nitrogen budget method and carbon isotope method (Gill and Jackson, 2000; Majdi et al., 2005) . Traditionally, values obtained from the sequential soil coring method or the in-growth core method have been preferred for the study of fine-root dynamics and for the calculation of fine-root turnover (Vogt et al., 1998; Fahey et al., 1999) . These destructive methods have the advantages that dead fine roots can be recognized and fine-root dry-mass production per unit soil volume can be estimated. However, these methods cannot be used to estimate the amount of fine roots that die and decompose over a period, and therefore the net fine-root mortality. It is possible to underestimate the amount of dead fine roots and to both under-and overestimate that of the produced fine roots (Kurz and Kimmins, 1987; Publicover and Vogt, 1993) . Finally, destructive methods cause repeated and prolonged soil disturbance, so are not suitable for long-term research.
One of the direct methods used to study fine roots, the minirhizotron method, has become popular in the study of fine-root dynamics and demography. This non-destructive method generally provides more accurate estimates of fine-root turnover than do other, traditional, destructive methods (Hendricks et al., 2006) , and the collection of data by this method has increased markedly recently. In this article, we focus on the minirhizotron method for the study of fine root turnover and detail its characteristics and methodological considerations with data validation procedures. In the minirhizotron method, there are several models and calculations used to clarify the definitions of fine-root turnover, which can lead to differing turnover estimates (e.g. Hynes and Gower, 1995; Tierney and Fahey, 2002; West et al., 2004) , which this study focuses on in detail. Moreover, we discuss the variation of fine-root turnover estimates with respect to variation of fine-root qualities within ≤2 mm fine roots (see Trumbore and Gaudinski, 2003; Guo et al., 2004) , as well as soil abiotic/biotic conditions at different soil depths (see Aerts et al., 1989; Milchunas et al., 2005) .
The minirhizotron method of fine-root study
The minirhizotron method is a non-destructive method in which transparent tubes are installed in the study field, and fine roots on the soil-tube boundary are recorded using a CCD (charge-coupled device) camera (Fahey et al., 1999; Smit et al., 2000; Johnson et al., 2001; Satomura et al., 2001) . The minirhizotron method has been used for long-term root dynamics research since the late 1980s (Taylor, 1987; Majdi, 1996; Johnson et al., 2001; Satomura et al., 2001 ).
Installation of the observation tubes causes a brief soil disturbance, but then permits direct observation of fine roots through a transparent interface and enables evaluation of the spatial distribution pattern of fine roots and root demography by continual observation of the individual rootlets (Majdi, 1996; Smit et al., 2000) . This ability to observe individual rootlets directly and continuously is why many researchers prefer this method, and for these reasons the minirhizotron method is considered to be suitable for long-term research (Smit et al., 2000) .
The minirhizotron method has many advantages, but also some disadvantages. On the positive side, we can observe fine roots at the soil-tube interface and evaluate root abundance in terms of two-dimensional data, such as root length, root projected area, or root surface area per unit of observation area. In addition to net fine-root production, net fine-root mortality (or disappearance; see below for related material) can also be measured as two-dimensional data. These net values cannot be directly obtained when using the destructive methods. In other words, using this method we can evaluate the quantity of fine-root litter put into soil as soil organic matter, as well as how much NPP is consumed for fine-root production. Evaluation of these parameters is very informative for a better understanding of soil carbon dynamics.
However, using this method we cannot observe the fine roots in bulk soil (in situ), and therefore the fine-root abundance is a relative value (Majdi, 1996; Smit et al., 2000) . Accordingly, when we estimate the stand-level fine-root standing biomass and production using the minirhizotron method, we have to convert two-dimensional data into three-dimensional values such as root dry weight per unit soil volume or per unit ground surface area. Fortunately, many studies have found correlations between minirhizotron data and soil core sample data (e.g. Thomas et al., 1996; Hendrick and Pregitzer, 1996; Ephrath et al., 1999; Satomura et al., 2006) . To obtain the stand-level fine-root production (dry-weight-based fine-root production per unit ground area) from minirhizotrons, there are several conversion approaches. Root-length-based fine-root production data collected by the minirhizotron method is sometimes converted into dry-weight-based production data per unit soil volume directly, without the calculation of turnover value (Noguchi et al., 2004; . In another approach, dry-weight-based fine-root production per unit soil volume is estimated by the combination of two methods under the assumption that the product of the fine-root standing biomass and its turnover per year gives the annual fine-root production (e.g., Gill et al., 2002; Satomura, 2003; Fukuzawa et al., 2007) ; in this approach, fine-root standing biomass (dry-weight basis) per unit soil volume is derived by soil core sampling, and fine-root turnover is calculated from minirhizotron data on a fine-root length basis. The sum of the dry-weight-based fine-root production per unit soil volume at all soil depths gives the stand-level fine-root production (i.e., the dry-weight-based fine-root production per unit ground surface). Using a combination of the soil core sampling method and the minirhizotron method for the estimation of stand-level fine-root production provides the advantages of both methods and compensates for their disadvantages.
Definitions of fine-root turnover estimated with minirhizotrons
In the minirhizotron methods, the term 'root turnover' has various definitions associated with the dynamic processes of root production, death, and decomposition (Tingey et al., 2000) . There are two dry-matter transfer compartment models, each depending on the combinations of dry matter compartments and dry matter transfer processes: the live fine-root abundance-based model (Fig. 1a) and the visible fine-root (live and dead) abundance-based model (Fig. 1b) . The latter model is used when live and dead roots are not distinguishable (tactile cues, such as brittleness, are not available in image analysis). These models incorporate three types of dry matter transfer processes. The first is based on fine-root production ('production'; processes i and iv). The second is based on fine-root death ('mortality'; process ii). The third is based on fine-root decomposition, throughput, detritus input, herbivory and so on (processes iii and v) (for terminology see Stanton, 1988; Tingey et al., 2000) . We use the term 'disappearance' to denote the phenomena of the third type, all of which were observed in the minirhizotron study. Fine-root turnover can be directly calculated from the two-dimensional data obtained by the minirhizotron method without the conversion of the data into dry-mass-based data, by using equations (1) to (14) in Table 1 (e.g., Gill et al., 2002; Satomura et al., 2006) . abundance. Each arrow represents a transfer process: i and iv, production; ii, mortality; iii and v, decomposition, throughput, detritus input, or herbivory (*we use the term 'disappearance' to represent these several phenomena in processes iii and v). These processes have different connotations for fine-root turnover. Fine-root turnover is variously defined depending on the dry matter transfer processes and the combinations of root dry-matter compartments. Division of net dry matter transfer as the numerator by live fine-root abundance or visible fine-root abundance as the denominator gives fine-root turnover (Table 1 . Equations (1) to (12)). Modified from Tingey et al. (2000) .
Using the minirhizotron method, it is usually difficult to distinguish dead roots from live roots, favoring adoption of the visible fine-root model ( Fig.  1b ) (e.g. Ponti et al., 2004; West et al., 2004; Satomura et al., 2006) . Despite this difficulty, we can estimate net dry-matter transfer in process iv (Fig. 1b) from the amount of visible and produced roots, and turnover values can be calculated using equations (7) to (9) in Table 1 (e.g., Milchunas et al., 2005; Satomura et al., 2006; Fukuzawa et al. in press ). In addition, net dry-matter transfer in process v (Fig. 1b) can be estimated from the quantities of visible and disappeared roots, and turnover values can be calculated using equations (10) to (12) in Table 1 . Many researchers have tried to distinguish dead roots from live roots by color (e.g. Aerts et al., 1989; Hendrick and Pregitzer, 1992; Joslin et al., 2000) or shrinkage (Tierney et al., 2003) . The sum of dark roots (or shrunken roots) and disappeared roots is regarded as the quantity of dead roots. These data are used in the live fine-root model (Fig. 1a) . In this case, we can estimate net dry-matter transfer in process i (Fig. 1a ) from the quantity of live and produced roots, and turnover values can be calculated using equations (1) to (3) in Table 1 (e.g., Burton et al., 2000; Gill et al., 2002) . Net dry-matter transfer in process ii (Fig. 1a) can also be estimated from the quantity of live, visible dead, and disappeared roots, and turnover values can be calculated using equations (4) to (6) in Table 1 . Note that the transfers in processes ii (Fig. 1a) and v ( Fig. 1b) are sometimes termed 'mortality' in the literature. We use this term only for process ii (Fig. 1a) , and use the term 'disappearance' for process v (Fig.  1b ) to maintain consistency with the abovementioned concepts. Where we could not find a definition of dead roots in the literature, we used the visible fine-root www.plantroot.org 37 abundance-based model (Fig. 1b) . In the discussion of fine-root turnover, root researchers generally do not take the turnover in process iii (Fig. 1a) into consideration.
Even when the amounts of net dry matter transfer are the same, the calculated production turnover values differ depending on the model used and the methods used to calculate fine-root turnover. For example, processes i and iv are concerned with fine-root production; the denominator is live fine-root abundance in the former and visible fine-root (live and dead) abundance in the latter. Researchers can use mean, maximum, or minimum live fine-root abundance as denominators in processes i and ii ( Fig. 1a ; Table 1 ), and mean, maximum, or minimum visible fine-root (live and dead) abundance in processes iv and v (Fig. 1b) . Thus, even when the amounts of net fine-root production are the same, we can obtain six Table 1 . Various definitions of fine-root turnover* (year -1 ) from minirhizotron data. There are two types of dry matter transfer models: based on live fine-root abundance (Fig. 1a) and on visible fine-root (live + dead) abundance (equations (1) to (12)). The other turnover concept is based on the median fine-root life span (equation (13)) and the regression model (equation (14)), respectively. Turnover under the process (iii) in Fig.1 (1) net fine-root production / mean live fine-root abundance -Live fine-root (Fig.1a) Production turnover under process (i)
(2) net fine-root production / minimum live fine-root abundance -(3) net fine-root production / maximum live fine-root abundance -(4) net fine-root mortality / mean live fine-root abundance -Mortality turnover under process (ii) (5) net fine-root mortality / minimum live fine-root abundance -(6) net fine-root mortality / maximum live fine-root abundance -(7) net fine-root production / mean visible fine-root abundance 2.4 Production turnover under process (iv) (8) net fine-root production / minimum visible fine-root abundance 5.6
(9) net fine-root production / maximum visible fine-root abundance 1.7
Visible (live+dead) fine-root ( Turnover (14) Obtain the regression between the fine-root production to disappearance ratio in each observation period (Y) against the time after tube installation (X). Regarded the X-intercept at Y = 1 as the turnover time (inverse of turnover).
-*Yearly total values of net fine-root production, net fine-root mortality and net fine-root disappearance are used in the equations (1) to (12). Median fine-root life span (year) and turnover time (year) are used in the equations (13) and (14), respectively. # Data taken at soil surface (0-15 cm in depth from ground surface) in a cool-temperate, deciduous forest in the Teshio Experimental Forest in northern Japan (some of the data are shown in Fukuzawa 2007 and Fukuzawa et al. 2007 , and the others are unpublished). Turnover values based on median life span differ among roots produced in May (a), June (b), July (c), and August (d) 2002. Our data are based on the visible fine-root model, and our inability to discriminate dead roots from live roots prevents us from obtaining the turnover values in the live fine-root model. Turnover based on the regression model is also not calculated.
production turnover values using equations (1) to (3) and (7) to (9) ( Table 1) . Similarly, fine-root mortality in process ii gives three turnover values using equations (4) to (6), and fine-root disappearance in process v gives three turnover values using equations (10) to (12) ( Table 1) . In another approach, the inverse of the median lifespan of the fine-root cohort is used as the fine-root turnover rate (e.g., Burton et al., 2000; Tierney and Fahey, 2001; equation (13) in Table 1 ). Table 1 shows examples of the turnover values in a stand calculated from the various equations. The values obviously differ among the equations, varying 5.6-fold across the methods of calculation, from 1.0 using equation (12) to 5.6 using equation (8). Recently, Milchunas et al. (2005) proposed a new approach for the estimation of fine-root turnover. They regressed the ratio of fine-root production to disappearance in each observation period (Y) against the time after tube installation (X), and then proposed the X-intercept at Y = 1 as the turnover time (inverse of turnover). This approach gave a different turnover estimate to that obtained from the other approaches (Milchunas et al., 2005) .
To summarize, in minirhizotron studies, different calculation methods lead to significantly varying estimates of fine-root turnover (Burton et al., 2000; West et al., 2004; Milchunas et al., 2005;  Table 1 ). Consequently, we must pay attention to the calculation method when we compare data reported in the literature.
Equilibration of fine-root dynamics at the soil-tube interface after disturbance by tube installation
Many studies reported a fine-root production rate higher than the mortality rate (or disappearance rate) (e.g. Hendrick and Pregitzer, 1993; Noguchi et al., 2005; Satomura et al., 2006; Fukuzawa et al., 2007) . If we put these data into the equations to calculate the turnover in processes i and ii (or iv and v), production turnover was higher than mortality turnover (or disappearance turnover) in each study. Table 2 shows a few studies that clarified the turnover values estimated from the concepts in Fig. 1 with calculations (1) to (12) in Table 1 . It is likely that the differences are attributable mainly to the short-term disturbances caused by tube installation, and partly to the short-term observation period, as shown below.
In short-term studies, live fine-root abundance (or total fine-root abundance) increased with time, suggesting that over a period the rate of fine root production was continuously higher than the rate of mortality (or disappearance). Joslin and Wolfe (1999) showed that the installation of minirhizotron observation tubes promotes fine-root production due to root pruning or increased nitrogen availability from fragmented root detritus in micro-sites near the tube, and also an altered vertical distribution pattern of fine roots. They found that fine-root production in the second and third years was lower than that in the first growing season (2-8 months after tube installation) at a nutrient-poor site. A 5-year study showed higher fine-root production in the first growing season after tube installation and higher mortality in the second growing season (Joslin et al., 2000) . It was observed that many of the extra fine roots that had appeared in the first growing season were dead by the second year, which explains the higher fine-root mortality observed in the second growing season (Joslin et al., 2000) . Furthermore, the fine roots at the soil-tube boundary in the first growing season were mostly new roots (Gill et al., 2002) , leading to the lower fine-root mortality or decomposition observed in the first year. The difference between cumulative fine-root production and cumulative fine-root mortality decreased with time (Joslin et al., 2000) , which could lead to results supporting the theoretical assumption of steady-state conditions (i.e. that the fine-root production turnover equals the fine-root mortality). Surprisingly, though, even in the fifth year after tube installation, the 5-year total fine-root production was slightly higher than the 5-year total fine-root mortality (Joslin et al., 2000) , which suggests that several years are needed after tube installation for the fine root dynamics to attain equilibrium.
Inter-annual variation in climate could also influence fine-root production and mortality, allowing inter-annual fluctuations of the fine-root demographic parameters (Ruess et al., 1998) . Thus, further long-term study is necessary to fully understand the carbon input-output balance through the fine-root PDD cycle.
Implications of minirhizotron data validation
Differences between the soil conditions around the observation tube and the bulk, in situ, soil conditions, such as water/nutrient movement and soil physiological traits, affect the fine-root standing biomass at the soil-tube interface, which means that the fine-root abundance calculated using the minirhizotron method is a relative value proportional to the actual biomass in bulk soil, as mentioned above. Calibration of the minirhizotron fine-root data against soil core sampling data is the first step in minirhizotron data validation (reviewed by Hendrick and Pregitzer, 1996) , but in itself is insufficient for the study of fine-root dynamics (Milchunas et al., 2005; Hendricks et al., 2006) . Soil conditions around the observation tube can affect the rates of fine-root production, mortality, and Table 2 . Variously defined fine-root turnover values among soil depths in the literature calculated using the models shown in Fig. 1 with equations (1) to (12) in Table 1 . Four types of fine-root turnover values are shown: production and mortality turnover calculated from the live fine-root abundance-based model (Fig. 1a ) and production and disappearance turnover calculated from the visible fine-root (live + dead) abundance-based compartment model (Fig. 1b) ; means are given where possible. In the turnover calculations shown in Table 1 disappearance, as revealed by a comparison of the effects of tube materials on fine-root dynamics and characteristics (Withington et al., 2003) . Not only fine-root abundance data but also fine-root demographic data produced by the minirhizotron method are relative values with respect to the bulk, in situ condition.
To validate estimates of fine-root production and mortality rate using minirhizotrons, Hendrick et al. used a minirhizotron data validation index utilizing equations (15) and (16) ). The minirhizotron data validation index can therefore be defined as the percentage difference between the actual and predicted final standing biomass:
where E is the actual final standing biomass (kg ha -1 ) obtained using the soil core sampling method (Hendrick and Pregitzer,1993; Hendricks et al., 2006) . This index gives the degree of difference between predicted and actual fine-root standing biomass. In the results of Hendricks et al. (2006) , absolute values of their index were greatest after the first sample interval (just after tube setting) at three sites (>198), but decreased significantly and more or less stabilized after subsequent sample intervals (i.e. after presumed equilibration) (2.8-24.3). Furthermore, after stabilization, the predicted fine-root standing biomass values were within one standard deviation of the actual values at each site. Thus, the minirhizotron data validation index is useful for minirhizotron data validation and allows evaluation of the equilibrium of fine-root dynamics at the soil-tube interface after tube installation disturbance.
Each plant species has a certain balance between leaf production and fine-root production which can be expressed as a ratio, or as a proportion of fine root production to total fine tissue (fine-root and leaf) production, with some plasticity. Withington et al. (2003) proposed such a fine-root vs. leaf balance as another index for assessment of the effect of different soil conditions around observation tubes. The fine-root vs. leaf balance differs among the varying methods used to study fine-root production (reviewed by Hendricks et al., 2006) or among tube materials in the minirhizotron method (Withington et al., 2003) . However, the use of a single tube material with a single calculation method in a minirhizotron fine-root production study produced similar fine-root to leaf production ratios in forests dominated by Acer saccharum (180% and 191%; Hendrick and Pregitzer, 1993) , which does not conflict with the supposition mentioned above. The fine-root to leaf production ratio also showed similar values in two of three Pinus palustris stands (71% in a hydric stand and 66% in a xeric stand), but a relatively low value (32%) in the third stand, which was mesic (Hendricks et al., 2006) . Although the mesic stand had a similar fine-root production rate to the hydric stand, it was characterized by a lower initial fine-root biomass than the others, which gave a lower fine-root production estimate, and thus a lower fine-root to leaf production ratio. Apart from this exception, in a comparison of fine-root dynamics among forests dominated by a certain tree species and using a single tube material with a single calculation approach in the minirhizotron method, the fine-root vs. leaf balance method seems to be a good indicator for the validation of minirhizotron data.
Variation in turnover values among "fine roots"

Variation with soil depth
Soil conditions and environmental parameters are not uniform among soil depths (Nagatsuka, 1997; Fisher and Binkley, 2000) . Soil temperature, water and nutrient availabilities and microbial biomass frequently decrease with depth (Ajwa et al., 1998; Uchida et al., 1998; Fierer et al., 2003; Fujimaki et al., 2004) , leading to lower fine-root production and mortality rates (or disappearance rates) in deeper soil (e.g. Aerts et al., 1989; Milchunas et al., 2005; Fukuzawa et al., 2007) . In contrast, severely arid soil conditions can reduce root production and mortality rates in shallower depths, according to root biomass distribution patterns, due to the restriction of water and nutrient availabilities at the surface (Rundel and Nobel, 1991) . Although there is a growing number of reports detailing fine-root production and mortality rates (or disappearance rates) with soil depth, the data for fine-root turnover values with soil depth are restricted, and we can only find a few studies, as shown in Table 2 (in one study, data are present in a figure, but the values are not stated in the text; West et al., 2004) .
In one of these studies, Gill et al. (2002) found that production turnover was higher than mortality turnover at various soil depths in steppe grassland. Both rates of fine-root production and mortality decreased with soil depths. Although they had hypothesized that root turnover would decrease with soil depth, in fact the effect was not significant. In a needle-leaved evergreen forest dominated by Pinus palustris and Aristida stricta, fine-root production turnover and fine-root mortality turnover as well as fine-root production and mortality rates decreased with soil depth (West et al. 2004) . In Acer saccharum forests, where both fine-root production rate and mortality rate decreased with depth, fine-root production turnover mainly decreased with soil depth, whereas fine-root mortality turnover mainly increased with soil depth (Burton et al., 2000 ; Table 2 ).
The relationships between fine-root production rate and production turnover values, between fine-root mortality rate and mortality turnover values, and between fine-root disappearance rate and disappearance turnover values are uncertain. We have attempted to analyze those relations by comparing data collected in similar types of forest with different overstory tree densities.
In cool-temperate deciduous forests (dominated by Quercus crispula with a dense understory of Sasa senanensis), we found that with increasing soil depth, the fine-root production rate and the fine-root disappearance rate decreased (Satomura et al., 2006; Fukuzawa et al., 2007) , as did fine-root disappearance turnover (Table 2) . Fine-root disappearance turnover incorporates the fine-root decomposition process and the fine-root mortality process. Generally, a lower decomposition rate is expected in the deeper soil than at the soil surface, because of less conducive decomposition promoting parameters, such as soil temperature and microbial biomass (Ajwa et al., 1998; Uchida et al., 1998; Fierer et al., 2003) . Our findings do not conflict with the expectation of a lower decomposition rate in the deeper soil. Furthermore, in some cases fine-root longevity has been shown to be greater in deeper soil than at the soil surface (Arnone et al., 2000; Anderson et al., 2003) , which is also compatible with our results. Subdividing fine roots into several categories according to micro-size root diameter revealed that fine roots in the deeper soil tended to be coarser than at the soil surface, and coarser 'fine roots' tended to have longer life spans , suggesting that qualitative variations within fine roots (see below for related material) could also be closely related to the variation in fine-root turnover among soil depths.
The patterns of fine-root production turnover at different soil depths varied between forests, even though they were all cool-temperate deciduous forests. In one forest in northern Japan, production turnover decreased with depth  Table 2 ), but in a central Japanese forest, fine-root production turnover was very similar at different soil depths (Satomura, 2003; Satomura et al., 2006;  Table 2 ). It is hard to compare the two studies because the soil depths were different between the two sites and the effects of the varying soil conditions with depth on fine-root demography remain uncertain. However, the different fine-root production turnover patterns among soil depths between these forests could also be partly due to the difference in tree density (sparse in the former, dense in the latter).
Qualitative variation among "fine roots"
As mentioned above, the term 'fine root' has been defined variously depending on the site, target tree species, or researchers' conventions (Majdi et al., 2005) . Most researchers use a diameter of 2 or 1 mm as the threshold value (reviewed by Vogt et al., 1996; Gill and Jackson, 2000) . Gill and Jackson (2000) reviewed the root turnover data (for all definitions) collected from all kinds of methods and summarized the fine-root turnover data into 6 diameter classes. In general, fine-root turnover increases with a decreasing size threshold for the definition of a 'fine root' (Gill and Jackson, 2000) . Therefore, we must pay attention to the definitions of fine roots when we compare recorded turnover values with values in the literature.
Recent studies have revealed significant variation in form and function of fine roots ≤ 2 mm in diameter (e.g. Pregitzer et al., 2002; Trumbore and Gaudinski, 2003; Guo et al., 2004) . Generally, fine roots live for a few months on average, but some fine roots can live remarkably longer, i.e. several years or more (Tierney and Fahey, 2002; Trumbore and Gaudinski, 2003) . Survival in the population of fine roots (≤ 0.5 mm in diameter) decreased according to a lognormal rather than an exponential model, and thus the rate of fine-root mortality changes with root age (Tierney and Fahey, 2002; Wells et al., 2002) . It is also known that the season (or time) of emergence can alter fine-root life span (e.g. Tingey et al., 2000; Ponti et al., 2004 ; Table 1 ), as can tree age (Copeland, 1952; Baddeley and Watson, 2005) . The categorization according to micro-size root diameter revealed that thinner fine roots tended to have shorter life spans than thicker fine roots (Wells and Eissenstat, 2001; Baddeley and Watson, 2005) . The diameter of 'fine roots' can also differ along root branching orders: roots with an apex (root tip) are thinner than the axis roots to which they are attached (Pregitzer et al., 2002; Guo et al., 2004) , suggesting shorter life spans in thinner apical roots. Further, in addition to carbon-fraction concentrations, such as cellulose and lignin, the C/N ratio can also differ among root branching orders (Pregitzer et al., 2002; Guo et al., 2004; Hishi and Takeda, 2005b) , suggesting that roots in different branching orders have different decomposition rates.
It was clarified recently by Hishi and Takeda (2005a, b) that fine-root architecture and anatomical traits (i.e. branching position and tissue structure) are closely related to fine-root life span. In that study they subdivided Chamaecyparis obtusa fine roots into four protoxylem groups (diarch through pentarch) and studied their production. The results suggested that fine roots with less protoxylem had shorter life spans, and those with more protoxylem had longer life spans and greater opportunities for secondary growth and ramification.
In general, fine-root architecture is closely related to ectomycorrhizal associations (e.g. Chilvers and Gust, 1982a; Agerer, 1999; Majdi et al., 2001) , suggesting that the fine-root mycorrhizal status could also be related to fine-root demography. The fine-root growth rate was the highest in tap roots (first-order roots) and decreased with root order in both ectomycorrhizal and non-mycorrhizal roots (Chilvers and Gust, 1982b) . In addition, under a similar (but not the same) root order concept, higher-order ectomycorrhizal fine roots had greater longevity than lower-order ectomycorrhizal fine roots (Majdi et al., 2001 ). The higher-order fine roots tended to have dense ectomycorrhizal association, whereas lower-order fine roots tended to have sparse ectomycorrhizal association, resulting in a lower fine-root growth rate in ectomycorrhizal than in non-mycorrhizal fine roots (Chilvers and Gust, 1982b) . Even when the same-order roots were compared between ectomycorrhizal and non-mycorrhizal roots, the fine-root growth rate in ectomycorrhizal fine roots was lower than that in non-mycorrhizal fine roots (Chilvers and Gust, 1982b) . Another report also showed that ectomycorrhizal fine roots had longer life spans and smaller turnover than non-mycorrhizal fine roots (King et al., 2002) .
Conclusion
Various methods have been used for the study of fine root production. With all methods, the estimate of fine-root production is less accurate than that obtained for other parameters related to forest carbon cycling, which can be attributed to the spatiotemporal variation of fine-root distribution and the qualitative variation of the fine roots. However, for the study of fine-root production, mortality and dynamics, the minirhizotron method is recommended, and the data taken by this method is considered to have higher reliability than the other methods (Hendricks et al., 2006; Majdi et al., 2005) .
When we compare fine-root turnover values estimated by the minirhizotron method, we must pay attention to the definition of fine roots, methods of measuring, and methods of calculation, all of which affect fine-root turnover estimates. Many short-term studies have revealed that net root production is greater than net root mortality (or disappearance), which seems to conflict with the steady-state theory of root turnover, which states that net root production and net root mortality are the same. The effect of soil disturbance by minirhizotron installation could partially account for this contradiction and long-term research into fine-root dynamics and the effects of biotic and abiotic factors at different soil depths would help resolve this. Even though soil disturbance affects estimates of fine-root turnover in short-term research, the estimated turnover values from short-term studies give the maximum limit of the turnover, which can be expressed as dry matter transfer (or carbon transfer) through the fine-root PDD cycle for different types of forest, and thereby provide better knowledge of forest carbon dynamics. The minirhizotron data validation procedure makes those estimates more reliable.
Recent studies have revealed variations in fine-root turnover values with soil depth. 'Fine root' qualitative variations, such as anatomical characteristics, architecture, mycorrhizal abundance, and age, could also affect turnover values. The relation between biotic or abiotic parameters that potentially affect fine-root dynamics and the qualitative variations among 'fine roots' and their interactive effect on 'fine-root' turnover estimates are unclear. Although there could be many problems, a better understanding of 'fine roots' would lead to more accurate estimates of fine-root turnover, and finally, root sampling based on form and function would give us better knowledge of root dynamics and demography.
